Sulfonamides are the first successfully synthesized antimicrobial drugs. The mechanism of sulfonamides antimicrobial action involves competitive inhibition of folic acid synthesis which prevents the growth and reproduction of microorganisms. Due to this mechanism of action, sulfonamides belong to the group of bacteriostatic agents. Although they have been applied in therapy for more than 70 years, sulfonamides are still the drugs of choice for the treatment of several conditions and diseases. A wider sulfonamides application in the therapy is limited by bacterial resistance and sulfonamides side effects. Antimicrobial sulfonamides and their metabolites are classified as persistent organic pollutants. For sulfonamides degradation and removal from the environment, various techniques can be applied such as different oxidation techniques, including chlorination and advanced oxidation processes, adsorption processes, membrane processes and combined processes.
Introduction
The discovery of the prontosil (Prontosil rubrum) antimicrobial effect, in the early '30s of the 20 th century represents the beginning of the chemiotherapy development [1] . For this discovery, Gerhard Domagk was awarded the Nobel Prize in Medicine in 1939 [2] . Prontosil is an azo-dye with the sulfonamide structure. In the human body, prontosil is metabolized into sulfanilamide under the action of cellular enzymes [3] , which is shown schematically in Figure 1 . Sulfonamides are the first successfully synthesized selectively toxic antimicrobial drugs [4, 5] . Sulfonamides with the antimicrobial activity represent a large group of drugs which can be classified in different ways. One of the most comprehensive is the sulfonamides classification [6] into:
-Oral sulfonamides which can be absorbed, -Oral sulfonamides which cannot be absorbed and -Topical sulfonamides. According to the duration of action and half-life, absorbable oral sulfonamides can be further divided [6, 7] into:
-Short-acting sulfonamides (3-8 h), -Intermediate-acting sulfonamides (8-18 h) and -Long-acting sulfonamides (>35 h).
Oral sulfonamides which cannot be absorbed fulfill their role in the gastrointestinal tract, while topical sulfon amides can be used in the treatment of skin and mucous membrane infections and burns. The basic sulfonamides structure includes the sulfonamide group and the amino group in the para position of the benzene ring. A large number of sulfonamide derivatives were obtained by substitution of the hydrogen atom on the nitrogen of sulfonamide group (N1), whereas a small number of active sulfonamide drugs were obtained by substitution of the hydrogen atom on the nitrogen of aromatic amino group (N4). The introduction of various substituents resulted in the products with different physicochemical, pharmacokinetic (a degree of protein binding, metabolism, excretion) and pharmacodynamic properties. The structures of several important representatives of sulfonamide antimicrobial drugs are shown in Figure 2 .
Structure-activity relationship
In the initial phase of the sulfonamides research, a large number of sulfonamide derivatives were synthesized, which made it possible to establish a correlation between specific structural characteristics and the antimicrobial activity of newly created molecules. First of all, a free aromatic NH 2 group in the para position, relative to the sulfonamide group, is essential for the activity of sulfonamides [1] . The presence of the additional substituent in the ortho and meta position of the benzene ring reduces the sulfonamide activity. N1-monosubstituted derivatives of sulfanilamide are active compounds whose activity degree increases with the introduction of heteroaromatic substituents. A double substitution in the N1 position leads to inactive compounds. Additionally, the sulfonamide group must be directly attached to the benzene ring. A substitution of the benzene ring by other cyclic system also leads to the reduction or a complete loss of activity. The first sulfonamide -sulfanilamide Sulfanilamide (4-aminobenzenesulfonamide) is the basic representative of sulfonamide antimicrobial drugs. The clinical significance of sulfanilamide is not large because it is very rarely applied in therapy nowadays due to the synthesis of more efficient products. However, sulfanilamide represents the fundamental structural and functional unit of the entire class of antimicrobial sulfonamides. The structural formula of sulfanilamide is given in Figure 2 , while its physical and chemical characteristics are listed in Table 1 .
Sulfanilamide is a stable substance under normal temperature and pressure conditions. It is sensitive to light and incompatible with strong oxidizing agents [8] . The solubility of sulfanilamide in ethanol (~27 mg/cm 3 ) and acetone (~200 mg/cm 3 ) [8] is greater than in water. Sulfanilamide is a weak acid (pKa= 10.4) due to the strong electron attractive effect of -SO 2 substituent and resonance stabilization of the resulting anion [9] . Sulfanilamide ionization is given in Figure 3 . 
Sulfonamide synthesis
The most common method of sulfonamide synthesis involves a reaction of corresponding aliphatic or aromatic sulfonyl chloride with ammonia or an adequate amine. This synthesis method represents the simplest and direct pathway to obtain sulfonamides, wherein the sulfonamide yield is high [10, 11] . This will be explained in detail in the case of sulfanilamide.
The initial compound for a multistep sulfanilamide synthesis is nitrobenzene [12] . Nitrobenzene can be reduced using tin, as a reducing agent, and hydrochloric acid to give the anilinium ion, which can be converted to aniline using sodium hydroxide. Acetanilide, a compound insoluble in water, can be derived from aniline by the reaction of acetylation in the aqueous medium. The next step in the synthesis is the reaction of the electrophilic aromatic substitution in which acetanilide reacts with chlorosulfonic acid to give the intermediate 4-acetamidobenzenesulfonyl chloride. The formed intermediate, in the presence of ammonia, gives 4-acetamidobenzene sulfonamide. The acetamide group causes the substitution almost completely in the para position [13] . In the final step of the synthesis, the protecting acetamide group undergoes to hydrolysis in acidic medium and forms 4-aminobenzenesulfonamide, sulfanilamide. The synthesis of sulfanilamide is presented in Figure 4 . Antimicrobial activity Sulfonamides are antimicrobial drugs with a broad spectrum of action, effective against Gram-positive and certain Gram-negative bacteria, such as intestinal bacteria Escherichia coli, Klebsiella, Salmonella, Shigella and Enterobacter species [6] . Sulfonamides show a good activity against E. coli, moderate against Proteus mirabilis and Enterobacter species and weak against Klebsiella, but they show no inhibitory activity against Pseudomonas aeruginosa and Serratia species. They are effective against species of Chlamydia genus. Sulfonamides are also effective against fungi (Pneumocystis carinii) and protozoa (Toxoplasma gondii). Sulfonamides differ in potency, but not in the spectrum of the antimicrobial activity [14, 15] . Mechanism of sulfonamide action Sulfonamides are competitive antagonists of p-aminobenzoic acid (PABA), the compound essential for the synthesis of folic acid, and thus for the bacterial growth and reproduction. Sulfonamides reversibly block the synthesis of folic acid, thus having the bacteriostatic effect [6, 16] .
The basis of the inhibitory effect is the similarity between sulfonamide and PABA structures, which is given in the example of sulfanilamide ( Figure 5) .
Normally, the first step of folic acid synthesis is the reaction of PABA and pteridine [17] in the presence of enzyme dihydropteroate synthase. During this step, dihydro pteroic acid is produced. The formed intermediate reacts with glutamic acid producing dihydrofolic acid under the activity of enzyme dihydrofolate synthase. In the presence of enzyme dihydrofolate reductase, dihydrofolic acid is then converted into tetrahydrofolic acid, which is used by bacteria in the synthesis of methionine, purine and pyrimidine bases [6, 14] . However, in the sulfonamides presence, enzyme dihydropteroate synthase binds to these structural PABA analogs, which prevents the folic acid synthesis and DNA synthesis in the bottom line. Folic acid synthesis and sulfonamides site of folic acid metabolism inhibition are presented schematically in Figure 6 . [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] Sulfonamides application in therapy Nowadays, sulfonamides are most frequently used in the treatment of urinary tract infections caused by susceptible strains of bacteria. Acute, uncomplicated urinary tract infections caused by E. coli and other bacteria can be adequately treated with sulfamethoxazole (SMX) and trimethoprim (TMP) combination [18] . However, recurrent urinary tract infections are usually caused by pathogens resistant to sulfonamides. For this reason, sulfonamides cannot be applied in the therapy. Both drugs exhibit a bacteriostatic effect when they are administered separately. Unlike that, their combination (SMX/TMP) exhibits a bactericidal effect.
SMX is an antimicrobial drug which is used in the treatment of urinary tract infections [19] , bronchitis [20] and prostatitis [21] . SMX/TMP combination can be used in the therapy of encephalomyelitis [22] , and together with azithromycin, in the treatment of ocular toxoplasmosis [23, 24] . Vena et al. [25] demonstrated that the combination of a high dose of daptomycin with SMX/TMP is a reasonable option for the treatment of meningitis caused by multidrug-resistant Staphylococcus epidermidis. SMX/TMP combination remains the most effective antimicrobial drug in the therapy of the infection caused by less common non-fermenters, except Acinetobacter baumannii. Against these microorganisms, sulfametrole (SML) and sulfametrole/trimethoprim (SML/TMP) combination are generally effective as SMX and SMX/TMP combination. Additionally, SML and SML/TMP combination do not exceed the Enterobacteridaceae resistance to SMX and SMX/TMP combination [26] .
Sulfadiazine (SDZ) is used in the prophylaxis and the treatment of infections caused by Pneumocystis carinii, particularly in patients with AIDS and other immunocompromised patients, as well as in the case of toxoplasmosis caused by Toxoplasma gondii [27] . The combination of SDZ with pyrimethamine is used in the treatment of ocular toxoplasmosis, although SMX/TMP combination represents an efficient alternative [28] . SDZ and sulfisoxazole (SXZ) play an important role in the prophylaxis of streptococcal infections in patients with rheumatic fever allergic to penicillin [29] .
Sulfonamides which cannot be absorbed (phthalylsulfathiazole, succinylsulfathiazole, salicylazosulfapyridine) are used in the therapy of intestinal infections, ulcerative colitis and enteritis [6] .
Topical sulfonamides can be applied in the form of solutions or ointments in the conjunctivitis therapy, as well as an additional drug in the treatment of trachoma [3] . Sulfacetamide sodium (SAM) can be used topically in the treatment of eye infections, such as bacterial conjunctivitis [30] . Sensoy et al. [31] have developed the bio-adhesive, polymeric microspheres with SAM in order to increase the drug retention time on the eye surface, resulting in a more effective treatment of ocular keratitis caused by Staphylococcus aureus and P. aeruginosa in a rabbit model. Emollient foam, which contains 10% of SAM and 5% of sulfur, is used in the treatment of acne vulgaris [32] and papulopustular rosacea [33] .
Topical sulfonamides are applied in the infection prevention in patients with burns. Silver sulfadiazine can be used in the burns treatment in the form of 1% hydrophilic cream [34] , and shows good activity against Gram negative bacteria, particularly against P. aeruginosa which often colonizes burned tissue.
A broader sulfonamides application in the therapy is limited due to bacterial resistance and sulfonamides side effects. Additionally, since sulfonamide introduction in the therapy more than 70 years ago, a great number of antimicrobial agents that suppressed sulfonamides application have been isolated and synthesized. However, sulfonamides still represent the drugs of first choice for the treatment of some conditions and diseases [35] .
Sulfonamides drugs available on the market of the Republic of Serbia (RS) and the United States of America (USA), according to Medicines and Medical Devices Agency of Serbia and Food and Drug Administration, are presented in Table 2 .
Pharmacokinetics of sulfonamides With the exception of certain topical and parenteral [36] sulfonamide preparations, the majority of sulfonamide drugs are administered orally. It is the reason why their absorption into systemic circulation is essential for the expression of their pharmacological effects in the target tissues and organs. After oral administration, sulfonamides are well absorbed from the digestive tract [6] . The exceptions are sulfaguanidine (SGV) [37] and sulfasalazine (SLZ) [38] which practically cannot be absorbed. For this reason, they are used in the intestinal infections treatment. The maximum concentration in blood can be achieved in the range of 0.5-3 h after oral administration [6, 39] , depending on the sulfonamide structure. After absorption, sulfonamides are distributed in all tissues and body fluids, including cerebrospinal fluid and fetal tissue. Sulfonamide distribution in the body depends on its physical and chemical characteristics, the binding affinity to plasma proteins and human organism condition [40] . The degree of binding to plasma proteins can vary greatly between different sulfonamides. Thus, the binding degree of sulfanilamide and SDZ is 20-30% [6] , for sulfalene (SFL), sulfamerazine (SMZ) and sulfathiazole (STZ) it is 70-75% and even 98% for sulfadimethoxine (SDM) [36] .
Metabolism of sulfonamides is species-dependent [36] . In the turtles [41] and monkeys [27] , the main metabolic pathway is oxidation, wherein one or two hydroxyl groups are introduced in the position 4, 5 or 6 of sulfonamides moiety to form corresponding monohydroxy or dihydroxy metabolites. These metabolites retain a part (2.5-39.5%) of antimicrobial activity [42] of the parental sulfonamides and excrete in the urine unchanged or after conjugation with glucuronic acid or sulfate [38] .
In humans, metabolic transformation of sulfonamides takes place mainly in the liver by acetylation of amino group. The resulting N-acetyl metabolites are inactive and can be excreted in the urine together with the unchanged sulfonamides [40] . However, in humans the cytochrome P450 catalyzed N-oxidation is also possible, which produces reactive hydroxylamine metabolites [43] .
This metabolic reaction is particularly present in slow acetylators with deficiency of polymorphic enzyme Nacetyltransferase. Once formed, hydroxylamino metabolites can undergo auto-oxidation to the corresponding nitrozo intermediates. Nitrozo metabolites are unstable in body fluids and can be reduced using glutathione and excreted. However, when the capacity for conjugation with glutathione is exceeded, the reactive metabolites show a direct cytotoxic activity or can be bound to proteins and participate in the immune reactions.
Most of sulfonamides can be rapidly excreted through kidneys. The exceptions are depot sulfonamides which can be reabsorbed in the renal tubules and very slowly excreted from the body [6] . The rate and mode of sulfonamide excretion depend on the applied compound, administered dose, treated species and route of administration [44] . For example, SDZ can be eliminated from the body unchanged in the amount of 50%, as well as in the form of acetyl and glucuronide conjugates (50%) through urine and feces.
Sulfonamides side effects Sulfonamides cause side effects in 4-6% of the treated patients from general population and even 50-60% of patients with HIV infection [45, 46] . Hypersensitivity is the most common adverse reaction to sulfonamides and it is often referred to as 'sulfa allergy'. Reported adverse effects include fever (in 1-2% of patients), anaphylactic shock, serum sickness, systemic vasculitis, pneumonia, hepatitis, myocarditis, interstitial nephritis, blood dyscrasia such as hemolytic anemia, neutropenia, thrombocytopenia and pancytopenia, and different skin reactions, including severe reactions such as Steven-Johnson syndrome and toxic epidermal necrolysis [14, 45, 47] . In some patients, urinary tract disorder occurs as a result of metabolite precipitation (acetylated sulfonamides), especially in the case of acidic urine. This can be avoided by using soluble sulfonamides and by maintaining the alkaline reaction of urine [6, 14] .
Sulfonamides cause side effects via different mechanisms. In some cases, the mechanism of a toxic sulfonamides effect is known. For instance, deficiency of the enzyme glucose-6-phosphate dehydrogenase leads to hemolytic anemia in patients treated with sulfonamides [4] . However, the mechanism of adverse reactions to sulfonamides is not precisely determined in most cases. It is believed that the mechanism of toxic sulfonamide effects represents the combination of a direct toxic effect of sulfonamide metabolites, formed by N-oxidation under the effect of cytochrome P450 enzymes and the immune mechanism involving the specific sulfonamide allergen recognition by the immune system [48] . Risk factors, including slow acetylator phenotype [49] , a high drug dose, severe immunodeficiency and glutathione deficiency affect the development of hypersensitivity to sulfonamides, especially in HIV-positive patients.
It is considered that individuals who show hypersensitivity reactions to antimicrobial sulfonamides will exhibit similar adverse effects to other sulfonamide classes; this is referred to as cross-reactivity. As the number of drugs with the sulfonamide functional group on the market is large, the issue of cross-reactivity to sulfonamides is of great clinical importance [43, 46] . For that reason, a significant number of clinical studies of different extent, which considered the issue of cross-reactivity, were conducted. Shapiro et al. [50] have estimated the incidence of cross-reactivity to celecoxib in 28 patients with the history of allergies to sulfonamides. They have concluded that the risk of cross-reactivity in these patients is low. In a study conducted by Strom et al. [51] out of 969 patients who developed documented allergic reaction to antimicrobial sulfonamides, even 9.9% had an allergic reaction to non-antimicrobial sulfonamide drugs. Out of 19,257 subjects from the control group, which did not develop an adverse reaction to sulfonamide antimicrobials, only 1.6% developed the reaction to non-antimicrobial sulfonamide drugs. This indicates to a certain degree of cross-reactivity between different classes of sulfonamide drugs [46, 51] . Although hypersensitivity to sulfonamide antimicrobial drugs results in the increased risk for allergic reaction to other sulfonamide classes, the results of other studies imply that this risk is not limited to sulfonamides only. Specifically, patients with the history of hypersensitivity to antimicrobial sulfonamides have a higher risk of hypersensitivity reactions to penicillins, which are not structurally similar to sulfonamides [51] . Based on this, it can be concluded that there is a link between hypersensitivity to antimicrobial sulfonamides and other sulfonamide drugs. However, this is the consequence of predisposition to allergic reactions rather than the crossreactivity [43, 51] .
Reactive hydroxylamino metabolites, which are considered to be responsible for adverse reactions to antimicrobial sulfonamides, cannot be formed during biotransformation of thiazide diuretics, loop diuretics, sulfonylurea derivatives and other non-antimicrobial sulfonamides, due to which the probability of the crossreactivity development is low [52, 53] .
Sulfonamides compete with bilirubin for binding the plasma proteins, which may lead to the development of kernicterus in newborns. Therefore, sulfonamides should not be applied in newborns and during last two months of pregnancy. Additionally, sulfonamides may potentiate the effect of some drugs such as anticoagulants, hypoglycemic sulfonylurea derivatives and hydantoin anticonvulsants, which should be considered during the simultaneous application of these drugs [14] .
Nowadays, there are a few methods for diagnosis of adverse reactions to sulfonamides, because the exact mechanism of the side effects development is unknown, making it difficult to select the appropriate diagnostic test. Currently, diagnosing allergies to drugs, including sulfonamides, is based on taking a detailed history and on physical examination. In addition, specific in vivo and in vitro tests can be useful in determining hypersensitivity to a drug, such as skin testing with SMX-conjugate or the native drug (immediate hypersensitivity reactions only), lymphocyte transformation assays, lymphocyte cytotoxicity assays and assays for detecting antibodies to endoplasmic reticulum luminal proteins (for delayedonset hypersensitivity-type reactions) [45] .
Bacterial resistance to sulfonamides
The treatment of bacterial infections can be significantly complicated by the ability of bacteria to develop resistance to antimicrobial drugs. Bacteria may be inherently resistant to antimicrobial drugs (inherent resistance) or may acquire resistance by de novo mutation or by receiving genetic material from resistant bacteria (acquired resistance). Acquired resistance can be manifested as the production of enzymes which degrade the antibacterial drug, the expression of the efflux system which prevents the drug to reach the target site of action within the cell, the modification of the drug action target site, or the development of the alternative metabolic pathway to which the drug has no effect [54] .
Bacterial resistance to sulfonamides can be explained in several ways. It is possible that the chromosomal mutation in folP gene of E. coli causes the substitution of the phenylalanine residue in position 28 by the isoleucine residue, which results in lower affinity of enzyme to sulfonamides [55] . Similar mutations can be responsible for the resistance of Streptococcus pneumoniae, Campylobacter jejuni, Haemophilus influenzae, Streptococcus pyogenes and Streptococcus mutans [56] . In the case of Neisseria meningitidis, the differences in folP gene between resistant and sensitive strains are almost 10%, which indicates that resistance is caused by recombination, rather than point mutations [55, 57] . Plasmid-mediated resistance to sulfonamides is caused by drug-resistant dihydropteroate synthase coded by sul1 and sul2 genes. Sul1 gene is linked to other genes of resistance in class 1 integrons [58] , while sul2 is usually located on small plasmids. Livermore et al. [26] have confirmed that sul1 and sul2 genes are responsible for resistance of E. coli to SMX and SML. The frequency of these genes in Gram-negative clinical isolates resistant to sulfonamides is approximately similar [59] . The origin of these genes is unknown.
Bacterial resistance to sulfonamides and other antimicrobial drugs represents a major problem. More frequent appearance of multiresistant strains of Klebsiella pneumoniae, Staphylococcus, Enterococcus and Pseudomonas species in health institutions leads to the treatment failure, which can cause complications, especially in older people, children and immunocompromised patients. In order to overcome the issue of bacterial resistance to sulfonamides, the combinations of certain sulfonamides drugs such as SDZ, SMZ and STZ (Triple sulfas) can be used. The combinations of sulfonamides drugs contribute to overcoming the microbial resistance.
Sulfonamides degradation and removal from the environment The application of sulfonamides and other antimicrobial drugs in therapy leads to their continuous introduction into the environment and spreading and maintaining the bacterial resistance. For that reason, the removal of antimicrobial drugs from the environment represents a serious issue from the environmental protection aspect, and more importantly, from the aspect of microorganisms resistance prevention.
Antimicrobial sulfonamides and their metabolites are classified as persistent organic pollutants, due to their resistance to biodegradation [60] . Conventional purification techniques, such as filtration, coagulation, flocculation and sedimentation are not sufficiently effective in the case of sulfonamides and their metabolites. Namely, only 20-30% of present antimicrobial drugs, including sulfonamides, can be removed by using conventional techniques [61] . Due to the low efficiency of these techniques, new alternative techniques have been developed. First of all, there are a variety of oxidation methods (chlorination and advanced oxidation processes (AOPs)), then adsorption processes, membrane processes and combined processes.
Chlorination
Chlorine and hypochlorite are often used oxidizing agents, due to their low cost. They are usually applied as a part of post-treatment. Also, they can be applied before a biological treatment in order to oxidize antimicrobial agents to easily biodegradable and less toxic compounds. Adams et al. [62] have studied the sulfonamides, trimethoprim and carbadox degradation using chlorine. It has been shown that chlorine oxidation represents a fast and efficient method for the removal of these antimicrobial drugs (>90%). However, chlorination leads to the formation of chlorinated intermediates, which can be carcinogenic and more toxic than the initial compounds. In order to prevent the formation of dangerous halogenated compounds, new techniques have been developed, primarily AOPs.
Advanced oxidation processes
AOPs are oxidative techniques based on the formation and effect of highly reactive free radicals, such as hydroxyl (*OH) radicals, which are less selective compared to other oxidizing agents [61] . Free radicals can be formed from ozone or hydrogen peroxide in the presence of metal or semiconductor catalysts and/or UV radiation. Under the effect of free radicals, organic compounds can be oxidized to less toxic intermediates, and ultimately degraded to carbon dioxide and water. The AOPs include:
-Ozonation, -Fenton and photo-Fenton reactions, -Photolysis, -Semiconductor photocatalysis, and -Electrochemical processes.
Ozonation
Ozone is a strong oxidizing agent, capable to react with sulfonamides, either directly or indirectly, through the hydroxyl radicals. The rate and efficiency of sulfonamide degradation during the ozonation process depends on the ozone concentration and pH value of the sulfonamide solution. During 3 min of ozonation at pH=2 and using 3.2 mg/dm 3 of ozone, 92% of SMX can be degraded [63] , while during 1 min at pH=3 and using 5.5 mg/dm 3 of ozone, more than 99% of sulfaquinoxaline (SQX) can be degraded [64] . In order to improve ozonation performances, the combination of ozone with UV radiation, hydrogen peroxide or catalysts can be applied.
Fenton and photo-Fenton reactions
Fenton's reagent represents a solution of hydrogen peroxide and ferrous ions and has a strong oxidative potential [65] . Fenton reaction can take place in homogeneous and heterogeneous systems, although the first system is more often used. In the homogeneous system, the Fenton's reagent represents a solution of hydrogen peroxide and iron salts as a catalyst in the acidic medium [61] . Hydroxyl radicals are formed via a radical mechanism (reaction 1 In order to increase the efficiency of the oxidation reaction, the combination of Fenton's reagent with UV radiation can be applied, which is referred to as the photo- The Fenton reactions efficiency depends on pH, temperature, the presence of the catalyst, the hydrogen peroxide content and the target compound concentration. At the solution pH less than 3, the reduction of hydroxyl radicals occurs and significantly affects the Fenton reaction rate. At the solution pH=1-2, hydroxyl radicals react with hydrogen ions forming water molecules. The temperature increase accelerates Fenton reactions. PerezMoya et al. [66] have demonstrated that the total amount of sulfamethazine (SMT) in the solution can be degraded in less than 2 min. However, it is important to note that formed degradation products exhibit greater toxicity to Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria than initial sulfonamide.
Photolysis
Sulfonamide structures contain an aromatic ring, heteroatoms and other functional chromophore groups, which are susceptible to natural and artificial UV radiation. Sulfonamide photodegradation may be caused by absorption of solar radiation (direct photodegradation) or by act of reactive free radicals, such as singlet oxygen, hydroxyl radicals or other reactive species (indirect photodegradation) [67] . The efficiency of sulfonamide photodegradation in the aqueous solution depends on the intensity and frequency of the applied radiation, pH [68] and water hardness, as well as the presence of photosensitizers [69] such as humic acid and nitrate. The pH value of the sulfonamide solution affects the degradation rate, but does not affect the type of formed products [70] .
Zessel et al. [15] have studied the sulfonamides tendency to degradation under the effect of natural and artificial UV radiation. It has been shown that all investigated sulfonamides undergo photodegradation. Photodegradation has been most pronounced after the sulfonamides exposure to the combined effect of UVA and UVB radiation, then after the UVA radiation and finally after the exposure to sunlight. The degradation rates of various sulfonamides under the same conditions are different. Namely, STZ and SA are almost completely degraded after 4 h of combined exposure to UVA/UVB radiation, while only 70% of sulfamethoxypyridazine (SMP) and sulfachloropyridazine (SCP) are degraded after 6 h under the same conditions. Thus, the tendency to photodegradation depends on the chemical structure of sulfonamides.
Tačić et al. [71] have studied the sulfanilamide photostability, both in aqueous solutions and in the inclusion complexes with β-cyclodextrin (βCD) and 2-hydroxypropyl-β-cyclodextrin (HPβCD). After 5 min of UVB radiation, 58.12% of SA was degraded in the solution, while 53.56% and 42.33% of SA were degradated in the inclusion complexes of βCD and HPβCD, respectively. The formation of inclusion complexes reduces SA sensitivity toward UV radiation due to sulfanilamide incorporation into cyclodextrin cavities and their protective effects.
Photodegradation of various sulfonamides in the aqueous solution results in different degradation products, including the most common sulfanilic acid, sulfanilamide, aniline, hydroquinone, carboxylic and dicarboxylic acids [72] . The main degradation pathways of sulfonamides and their metabolites include cleavage of S-N bond and the loss of SO 2 molecule [73, 74] . Additionally, hydroxylation of the benzene ring [68] and R-residue bonded to nitrogen of the sulfonamide group [67] are also possible.
As the antimicrobial activity depends on the chemical structure, photodegradation may lead to drug inactivation or the formation of degradation products with a certain antimicrobial activity. Photodegradation products have no cytotoxic potential, except sulfanilamide, and have a minor effect on cell proliferation [15, 75] .
Semiconductor photocatalysis
Semiconductor photocatalysis requires the presence of 3 basic components: a catalytic photo-sensitive surface (mainly inorganic semiconductor, such as TiO 2 ), a source of photon energy and a suitable oxidizing agent [75] . The principle involves the semiconductor activation by artificial or natural radiation. The semiconductor photocatalysis mechanism has 5 basic steps: the reactants transfer in the fluid phase to the surface, reactants adsorption, the reaction at the adsorbed phase, products desorption and the product removal from the interface region.
Numerous researches deal with the issue of sulfonamides degradation in the presence of various catalysts, such as TiO 2 [75] , FeCl 3 [76] and the mixtures of catalysts TiO 2 /FeCl 3 [76, 77] and TiO 2 /K 2 FeO 4 [78] . Wang et al. [79] have demonstrated that sulfonamide degradation under the effect of visible-light-emitting diodes in the presence of carbon-sensitized and nitrogen-doped TiO 2 (C/N-TiO 2 ) as a catalyst is possible. More than 95% of sulfanilamide can be degraded by white LED radiation during 5 h, in the presence of 1 g/dm 3 C/N-TiO 2 calcinated at 300 °C in acidic medium. The applied catalyst can be re-used 5 times with the efficiency loss of <10%. Dong et al. [80] have studied the efficiency of sulfanilamide photocatalytic degradation in the presence of bismuth oxychloride/ reduced graphene oxide (BiOCl/RGO) composites as a catalyst. More than 80% of sulfanilamide degrades in the presence of 0.05 g of the catalyst, while the optimal initial sulfanilamide concentration is 15 mg/dm 3 . Sulfanilic acid was identified as the main degradation product.
Electrochemical processes
Electrochemical processes represent effective, reverse, simple and clean degradation techniques. The oxidation occurs at the anode in the presence of electrolytes. The compounds can be electrochemically degraded directly at the anode, or indirectly in the solution. Haidar et al. [81] have studied the direct electrochemical oxidation of SCP using hydroxyl radicals generated at a boron-doped diamond (BDD) anode. The mineralization rate increases with the increase of the applied voltage, whereby the efficiency exceeds 95% after 8 h of treatment at 350 mA. The major SCP oxidation products are 3-amino-6-chloropyridazine and p-benzoquinone. Further degradation results in short-chain aliphatic carboxylic acids such as maleic, oxalic, pyruvic, glyoxylic and malic acid, which possess lower toxicity than SPC and its cyclic intermediates. El-Ghenymy et al. [82] have identified similar degradation products (oxamic, maleic, fumaric, acetic, oxalic and formic acid) in the case of sulfanilamide. Fabianska et al. [83] have monitored the electrochemical degradation efficiency of 5 sulfonamides mixture at the BDD electrode. The degradation efficiency was greater at higher temperatures (60 °C) and in the acidic medium (pH=2). The identification of main degradation products was performed by applying LC-MS and GC-MS techniques, which showed that in most cases S-N bond cleavage and hydroxylation of the aromatic ring occurs.
Ionizing radiation
In addition to all above mentioned AOPs, ionizing radiation at the dose of 0.6 kGy can be also applied for sulfonamides degradation [60] . Sulfonamide degradation begins with the hydroxyl radical addition to a benzene ring resulting in the cyclohexadienyl radical. The formed radical reacts with dissolved oxygen and converts into the peroxy radical. The phenol formation, ring opening and fragmentation occur simultaneously. Hydroxylated molecules, which are primary degradation products, retained the aromatic structure and reacted with hydroxyl radicals at the same rate as parental sulfonamides. Dihydroxy-sulfonamide derivatives are formed by further oxidation. The complete sulfonamides degradation, also called mineralization, includes the formation of inorganic molecules and ions, such as H 2 O, CO 2 , SO 4 2-, NH 4 + and NO 3 -. In Figure 7 , free-radical degradation is schematically presented in case of sulfanilamide. [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] Adsorption and membrane processes Although the adsorption is a well-known process, in recent years its application in the sulfonamides removal from the environment has been limited. However, several substances such as coal and coconut based powdered activated carbon [84] , multiwalled carbon nanotubes [85] , zeolite Y [86] and porous polymeric resins [87] can be used as effective adsorbents for the sulfonamides removal. Membrane processes are used for the sulfonamides separation in which there is no degradation, but only transfer to a new phase (membrane) and the concentration of sulfonamides. Membrane processes used for the sulfonamides removal from different samples are: reverse osmosis [62] , nanofiltration [88] , ultrafilatration [89] and ion exchange [62, 90] .
In order to improve the performances of techniques applied for the degradation and/or removal of active substances from the environment, the methods that represent the combination of some of the described processes tend to be used. Although the combined methods are not often used, they are the most powerful methods for the removal of different antimicrobial substances from the environment [61] .
Hydrolysis
Hydrolysis is another important way of antimicrobial substances degradation outside the human body. Literature about hydrolytic stability of sulfonamides shows that most of sulfonamides are hydrolytically stable, under normal pH and temperature conditions, and retain in the environment for the long period of time. However, sulfonamides are sensitive to hydrolysis in acidic solutions [44] . In the acidic medium (pH=4) and at the temperature of 70 °C, sulfanilic acid, sulfanilamide and aniline are the main degradation products of SXZ, SDM, SMP and SCP [91] . Biodegradation Biodegradation involves the sulfonamides decomposition under the effect of bacteria, fungi or enzymes. The information about biodegradation of different sulfonamide drugs is controversial. The studies have shown that sulfonamides are not the subject to biodegradation under aerobic and anaerobic conditions, nor in aqueous solutions, while their degradation products are biodegradable [15, 75] . Zhang et al. [92] have shown that both biotic and abiotic factors play a significant role in SMX, SMT and SDM degradation in the lake waters and sediments. Additionally, Yang et al. [93] have concluded that microbial degradation represents the main removal method of the aforementioned sulfonamides from the sludge. The addition of spent mushroom compost which contains enzymes, bacteria and fungi, accelerates the sulfonamides degradation 6 times. The main bacterial strains involved in the sulfonamides degradation in the sludge are Acinetobacter and Pseudomonas species.
For the detection and identification of different sulfonamides and their metabolites in the waste water, sludge and soil samples, chromatography techniques in the combination with mass spectrometry, in particular LC-MS/MS [94, 95] , UHPLC-MS/MS [64, 96] , GC/MS [85] and HPLC [62] among others, are most commonly used.
Conclusion
Sulfonamide antimicrobial drugs represent an important class of synthetic substances with different physico chemical, pharmacokinetic and pharmacodynamic characteristics. Sulfonamides are used in the therapy of urogenital, gastrointestinal and respiratory tract infections, then for the eye, skin and mucous membrane infections, as well as in the prevention and treatment of burn infections. The sulfonamides application in the therapy is partially limited by the bacterial resistance and sulfonamides side effects. In order to overcome the resistance and to reduce the adverse effects, continuous efforts are made to synthesize novel antimicrobial compounds with the sulfonamide structure and to develop novel formulations with the existing sulfonamide substances. On the other side, the sulfonamides application in therapy leads to their introduction into the environment and maintaining the resistance. The environmental fate of sulfonamides depends on the influence of various biotic and abiotic factors such as the presence of some degrading bacteria and fungi, temperature, pH, and UV radiation. Additionally, numerous techniques can be applied in order to degrade and remove present sulfonamides from different compartments of the environment. Sulfonamides degradation leads to the formation of less active and toxic compounds, and in the end, carbon dioxide and water. In that way, the sulfonamides presence in the environment can be limited.
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